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1. 	 Purpose 

This tecllnical report provides the Florida Department of Environmental Protection 
(Department) with a description of the theoretical foundation for its proposed statistical 
methodology for determining impairment based on water quality criterion exceedances A 
similar description for the identification of waters that are no longer impaired is also provided. 

. 	 Based on statistical analysis, it is recommended that a minimum of ten samples be required for 
listing an impaired water body and that a minimum of 28 sanlples be required for delisting. 
Using these recommended minimum samples, the listing and delisting decisions are correct with 
approxin~ately 95% level of confidence. 

2. 	Background Information 

Section 305(b) of the Clean Water Act (CWA) requires states to conduct water quality surveys to 
determine whether or not their water bodies a e  healthy and of sufficient quality to meet their 
designated uses. The United States Environmental Protection Agency (USEPA) collects and 
utilizes this information to prepare a biennial report, known as the National Water Quality 
Inventory (or more commonly referred to as the "305(b) Report"), for the Congress of the United 
States. 

section 303(d) of the CWA requires states to prepare lists of "surface waters that do not meet 
applicable water quality standards", referred to as impaired waters, and to establish Total 
Maximum Daily Loads (TMDLs) for pollutants causing the impairment of these waters on a 
prioritized schedule. A TMDL establishes the maximum daily amount of a pollutant that a water 
body can assimilate from all sources without causing exceedances of water quality standards. As 
such, the development of TMDLs is an important step toward restoring surface waters to their 
designated uses. 

The 1999 Florida Watershed Restoration Act clarified the Department's authority for the TMDL 
program and directed the Department to develop a methodology, and adopt it by rule, that clearly 
defines those waters that should be included in the state's 303(d) list of impaired waters. Given 
the importance of the TMDL program, the Department formed a Technical Advisory Colllmittee 
(TAC) for the purpose of developing a clear, consensus-based method to define impaired lakes, 
streams, and estuaries. Members of the TAC were selected based on their technical expertise in 
key scientific fields. While the resultant 303(d) list will directly detem~ine which waters are to 
be targeted for TMDL developnlent, the list could be used to help prioritize a variety of other 
watershed restoration efforts in Florida. 



One important measure of water body health is the concentration of conventional pollutants, 
metals, and dissolved oxygen. Conventional pollutants include chlorides, total fecal coliform, 
and fluoride. Metals include arsenic, aluminum, cadmium, chromium, copper, iron, lead, 
mercury, nickel, selenium, silver, thallium, and zinc. Florida's surface water quality criteria are 
used to assess whether a pollutant or a metal level is too high (or too low for the case of 
dissolved oxygen) to preclude the water body from meeting its designated uses. More 
specifically, a state regulatory agency may wish to set a water quality criterion for each pollutant 
and each metal, and refer to a single observation or measurement as an exceedance if it exceeds 
the criterion. 

Based on guidance provided by the USEPA, which recomn~ends a "greater than 10% exceedance 
percentage" for determining that waters only partially meet their designated use for aquatic life 
use support, the TAC developed a methodology for the listing and delisting of impaired water 
bodies depending on whether or not the true exceedance percentage is larger than 10%. 
However, the hue exceedance percentage of a pollutant or metal in a water body reach is usually 
unknown, and must be estimated from random samples. The key question raised by the TAC 
was "How do we draw .a highly reliable statistical conclusion on the true exceedance 
percentage based on sample exceedance percentage? " 

The current study will address this and related issues bpsed on statistical methods. In the study, 
the words "chance", "percentage", "probability", and "proportion" will be used interchangeably. 
They are used to describe the likelihood of an event and are related in the following way: 

Chance = Percentage = (Probability)xlOO%= (Proportion)xlOO%, (2.1) 

where Probability = Proportion is expressed as a real number between 0 and 1. For example, the 
probability (or proportion) of raining today is 0.7 but the chance (or percentage) is 70%. 

The Florida 305(b) Report is prepared using the STORET water quality database, and biological 
data from the state's biology and rapid bioassessment sampling programs. It should be noted 
that the available data sets for key water quality parameters are quite small for many Florida 
water bodies over a five-year period. For example, over the five-year period from 1994 to 1998, 
590 out of 849 (69%) water reaches had organic nitrogen sample sizes ranging from 1 to 20, and 
568 out of 983 (58%) water bodies had dissolved oxygen sample sizes ranging from 1 to 20. 
Detailed information on available sample sizes is listed in Zble 1 for six pollutants: organic 
nitrogen, dissolved oxygen (DO), Ammonia (NH4), total nitrogen, total phosphorus, and nitrate 
(NO,). Given these small sample sizes, any proposed listing and delisting procedures, based on 
the calculated sample excceedame percentages, must be applicable to both large and small 
samples. 

For a given pollutant or metal in a water body, the sample proportion of exceedances is a point 
estimator of the true exceedance probubility p for the pollutant or metal. Since the estimator 
varies in a random manner from sample to sample, inferences about the true exceedance 
probability based on the estimator will be subjected to uncertainty. The degree of uncertainty 
depends on the exceedances and the sample size: the smaller the sample size is, the greater the 



uncertainty will be. Therefore, the sample proportion of exceedances should not be used for the 
determination of water body health without considering its sample size. The reliability of the 
estimated exceedance probability relating to sample size should be addressed. 

In this study, a nonparametric procedure is proposed for listing and delisting impaired water 
bodies based on criterion exceedances and sample sizes. The uncertainty of estimated 
exceedance probabilities is examined, and tests of hypotheses about the true exceedance 
probabilities of pollutants and metals are performed. The proposed nonparametric procedure 
provides a scientific approach for identifying impaired surface waters based on the measured 
percentage of exceedances .of water quality criteria. Specifically, in Section 3, a nonparametric 
procedure for listing impaired waters is proposed using both a confidence interval approach and 
a test of hypothesis approach. A nonparametric procedure for delisting is proposed and 
discussed in Section 4. The delisting procedure is not a mirror image of the listing procedure 
because a much larger sample size is required for delisting than for listing impaired waters at a 
comparable level of confidence. Concluding remarks and discussion are provided in Section 5. 
The proposed nonparametric listing and delisting procedures are equally applicable to both 
conventional and toxic pollutants. 

3. ~ i s t i n gProcedure 

The TAC recommended that a water body reach be listed as impaired whenever the true 
exceedance probability of a pollutant or metal is greater than 0.1. This recommendation will be 
referred to as "the 10%-exceedance method." With respect to a criterion threshold, a single 
observation of a pollutant takes one of two values: "yes, the measurement exceeds the threshold" 
or "no, it does not". Of course, the actual distribution of a pollutant measurement in a water 
body is usually unknown. However, using the number of measured exceedances, the unknown 
distribution of a pollutant measurement can be transformed to a binomial disfribufion that 
depends only on the sample size and the true exceedance probability p. For example, a single 
observation for copper can take one of two values: "yes, the measurement exceeds the copper 
threshold of 2.9 pgd" or "no, it does not". An important question arises for the regulatory 
agency. That is, how many exceedances out of n samples indicate the water exceeds the true 
exceedance percentage (e.g., 10%) that has been established to comtitute impairment of the 
designated use? Note that deciding whether or not a single observation is a criterion exceedance 
is a different thought process than determining the minimum number of exceedances for 
determining impairment. In developing a listing procedure, the following two approaches were 
considered. 

a. Confidence Interval Approach 

In general, a binornial disfribufiort is defined for experiments that result in a dichotomous 
response, i.e., responses for which there exist two possible alternatives, such as yes-no or pass- 
fail. A binomial random variable, X, which represents the total number of yes responses, has the 
following characteristics: (1) the experiment consists of n identical trials, (2) the trials are 
independent, and (3) the probability of yes remains the same from trial to trial. In this study, a 



"trial" refers to a single sample taken from a water body reach and the probability of yes 
response for a single trial is denoted by p ,  which is also the true exceedance probability of a 
pollutant. Thus, the probability of no is 1-p. For a binomial random variable Xwith n trials, the 
mean (or expected value) and variance of this variable are np and np(l-p), respectively. The 

square root of the variance, J=, is called the standard deviation of the binomial random 
variable. Both variance and standard deviation measure the variability of a given random 
variable. For a particular water body reach, the probability p of an observed pollutant exceeding 
its criterion threshold depends on the unknown distribution of the pollutant and must be 
estimated. It is well-known that the sample proportion of yes, denoted by = (total number of 
yes responses)/(sample size) = X/n, is the best point estimator for the true exceedance probability 
with expected value p and standard deviation ,/- The estimator is "best" in the sense 
that it is unbiased and has the minimum variance among all unbiased estimators. However, the 
estimator itself is a random variable varying from sample to sample. Using it for the 
estimation of p often results in a "hit and miss" scenario and is not reliable. Modern statistics 
strongly recommends the use of a confidence interval estimation approach that takes into account 
the variability of the estimator. 

The most commonly used interval estimator is a two-sided confidence interval. But, in 
environnlental or ecological applications, it is often more cost-effective to obtain a one-sided 
confidence interval to assess the true exceedance probability p for the compliance of regulations. 
Both the two-sided and one-sided confidence intervals are described below. However, in this 
study, attention will be focused on the one-sided intervals for listing and delisting impaired water 
bodies. 

Two-Sided Confidence Interval: Let [L, U] denote a two-sided (1-u)100% (e.g., 95%) 
confidence interval fo rp  where L and U are the lower and upper limits, 0 < L < U < 1, and u is a 
significance coefficient satisfying the following probability inequality, 

with the interval length, U - L, being the shortest when the number of exceedances is observed. 
Note that both L and U depend on the sample size and the number of exceedances, X,and hence 
are random variables. The probability inequality in (3.1) is used since X is an integer random 
variable and the prescribed probability of (1 - a )  may not be reached exactly by any integer 
obse~vation. 

One-Sided Confidence Interval: There are two types of one-sided confidence intervals that can 
be constructed; a lower one-sided (1-a)100% (e.g., 95%) confidence interval for p is given by 
[0, U] and an upper one-sided (1-a)100% confidence interval for p is given by [L, 11 where L 
and U can be computed as follows. Let x denote the observed number of exceedances in a water 
body. Then, 

L = largestp such that P(X 2 x ( n, p) 2 a ,  
or 

L = largestp satisfying P(X< x-1 I n, p) 2 1 - a ,  



and 

U = smallest p such that P (X  5 x In,p) 5 a. (3.3) 


Two-sided confidence intervals for an exceedance probability p can be obtained following the 
procedure of Blyth and Still (1983), where a table of two-sided 95% and 99% confidence 
intervals is provided for 1 5 n < 30. Using the table, when the sample size is n = 10 and the 
number of exceedances is x = 3, i.e., @ = 0.3, the two-sided 95% confidence interval for p is 
found to be [0.09, 0.621 and the two-sided 99% confidence interval is r0.05, 0.701. These 
intervals can be obtained by an application of (3.2) and (3.3) with a replaced by aI2. Under the 
same example, when n = 10, and x = 3, an upper one-sided 95% confidence interval [L, 11 for p 
can be obtained by the use of (3.2) as follows: From (3.2), the lower limit L is calculated as the 
largest p satisfying the probability inequality, 

Using a computer program, e.g., MINITAB, for binomial distribution, with n = 10 and x = 3, the 
value of L is found to be 0.08725. Thus, the upper one-sided 95% confidence interval for p is 
[0.08725, 1.01, i.e., p 2 0.08725. (If a binomial probability table is used, an interpolation method 
may be required. With binomial probabilities listed for p = 0.05 and 0.1, an approximate value 
of L is found to be 0.0828.) 

It is important to understand the meaning of a confidence interval since it is often misunderstood 
and incorrectly interpreted in practice. In particular, it is important not to use the word 
"confidence" as a synonym for the word "chance" or the word "probability". Referring to the 
above example, it is not correct to say that there is a 95% chance that the true exceedance 
probability p will fall in between 0.0827 and 1.0." A correct interpretation is that we are 95% 
confident that the true exceedance probability p falls in the interval [0.0827, 1.01. The "95% 
confidence" refers to the fact that, in repeated sampling, approximately 95% of all similarly 
constructed intervals will enclose the true exceedance probability, p. The remaining 5% will 
not." Suppose that, for the sake of explanation, there is available a total of 1000 random 
san~ples each of size n = 10. Using the same probability inequality (3.4), 1000 intervals can be 
constructed. Of these, about 950 (= 1000 x 0.95) intervals will enclose the true exceedance 
probabilityp (call these "good intervals"), but the remaining intervals will not. If we randomly 
select one sample of size n = 10 resulting in the interval r0.0827, 1.01, the odds are 19 to 1 
(simplified from the odds of 0.95 to 0.05) in our favor that we have selected one of the roughly 
950 "good intervals." In other words, the probability is 0.95 that the constructed interval 
[0.0827, 1.01 is from the pool of about 950 "good intervals". While we do not have 100% 
certainty that the interval t0.0827, 1.01 includes the true exceedance probabilityp, we are 95% 
confident that the interval [0.0827, 1.01 does include p. In this case, we conclude that, with 
95% confidence, 0.0827 5 p 5 1.0, definitely! 

Note that, for an upper one-sided confidence interval, and for a fixed n and given x ,  the value of 
1) and the (1-a)100% level of confidence are related by the following inequality, 



Using (3.5) with p = 0.10000001 (to mean p > 0.1), n = 10, and x = 3, it follows that 1-cr = 

0.9298. That is, an upper one-sided 92.98% confidence interval for p is [0.10000001, 1.01, o r p  
> 0.1. The above illustration shows that, if thee or more exceedances are observed among 10 
measurements, then with approximately 93% confidence, the water body will be listed as 
impaired using the 10%-exceedance method. In the current study, the minimum numbers of 
exceedances, x, required for the Isting of a water body reach as impaired, with approximately 
95% confidence, are proposed for various sample sizes n, I 5 n 5 100. They are given in Table 
2. It should be noted that the actual confidence level is not 95% because we are rounding off to 
the nearest whole number of exceedances and that the confidence level varies from sample size 
to sample size. 

This confidence interval approach could be adopted to develop a set of guidelines for the listing 
of impaired waters as demonstrated above. A second approach is based on the test of hypothesis. 

b. Test of Hypothesis Approach 

Testing a hypothesis about exceedance probability is an alternative way to assess an estimator 
and its uncertainty. Suppose that, for a particular pollutant, two out of ten measurements in a 
water body exceed the criterion threshold. Is the sample exceedance percentage of 20% (i.e., 
f i  = 0.2) strong evidence to determine the water body as impaired using the 10%-exceedance 
definition of impairment? Or, equivalently, is the sample percentage of 20% significantly larger 
than an assumed true exceedance percentage of 10% based on only n = 10 measurements? This 
question can be put in the framework of hypothesis testing. Here, we wish to test the null 
hypothesis 

H,: p S  0.1, (3.6) 

that is, t l~e water body is not impaired, versus the alternative hypothesis 

H,,: p>0.1 ,  (3.7) 

that is, the water body is impaired. The test can be perfonned by referring the observed number 
of exceedances, x, to a binomial probability table. When n = 10 and p = 0.1, the probability of 
observing two or less exceedances is 0.9298 (and the probability of observing three or more 
exceedances is 0.0702). If the number of exceedances in the ten measurements is two or less, the 
sample does not provide sufficient evidence to reject the null hypothesis. Thus, the sample 20% 
is not significantly larger than the assumed 10% exceedance percentage. But, if three or more 
exceedances are observed, there is sufficient evidence to conclude that, at the 7% significance 
level, the true exceedance probability p in the water body reach is over 0.1, and the alternative 
hypothesis Ha: p > 0.1 is accepted. That is, a 30% sample exceedance percentage is 
significantly larger than the assumed 10% exceedance percentage at the 7% level of significance. 
This is equivalent to saying that a 93% confidence interval would exclude p 5 0.1 when there are 
three exceedances in a sample of ten. 



As mentioned in the beginning of Section 3, the TAC recommended a 10%-exceedance 
definition of impairment. If the recommendation is adopted into the rule, the Department will 
need to provide a set of guidelirtcs on the mininrunr number of exceeda~tces and santple size 
required for Iisting impaired waters. In the above example, when ten samples are collected 
from a water body and analyzed, the minimum number of exceedances required to list the water 
body as impaired is x = 3, with approximately 93% confidence. Using the test of hypothesis 
approach, the water body will be listed as impaired whenever the random sample results in the 
acceptance of Ha: p > 0.1 at a suitable 100a% significance level or, equivalently, at a suitable 
(I-a)100% confidence level. The results turn out to be identical to those obtained by the use of 
the confidence interval approach. The fact that the two approaches produced identical results for 
listing impaired water bodies, as presented in Table 2, is not surprising. It is due to the duality 
relationship between the confidence interval and test of hypothesis approaches. See, e.g., Bickel 
and Doksum (2001, Section 4.5) for a detail explanation of the duality 

It should be noted that the minimum numbers of exceedances for listing an impaired water body 
given in Table 2 can be generated by many statistical packages. The Microsoft Excel function 
CRITBINOM(trials, probability-s, alpha) calculates the smallest number of successes "k" out of 
"n" trials when the probability of a yes response on each trial is p such that P(X < k I n, p) 2 
alpha. Here, 'Y and "alpha" are, respectively, equal to 'k - I" and "I - a" of (3.5). The 
CRITBINOM(n, PO,1-a) function provides the critical value, x = k + 1, for the test of null 
hypothesis 

Hu: p 5 PO, 
versus 

Ho: P > PO 

at the (100a)% level of significance, where yo is a number between 0 and 1 to be determined by 
the regulatory agency. For example, CRITBINOM(I0, 0.10, 0.9298) returns the number "two", 
which means that P(X 5 2 1 n = 10, p = 0.1) 2 0.9298, i.e., the chance that the number of 
exceedances is two or less, given the exceedance probability of p = 0.10 and a sample size of n 
= 10, is at least 92.98%, and two is the smallest number of exceedances with this property. 
Therefore, when p = 0.10 (or less) the chance of three or more exceedances is less than 7.02%. 
Other examples can be generated similarly. Some are given below: 

CRITBINOM(10, O.l,0.95) = 3, 

CRITBINOM(15,0.1,0.95) = 4, 

CRITBINOM(20, 0.1,0.95) =4, 

CRITBINOM(30,0.1,0.95) = 6, and 

CRITBINOM(40, 0.1, 0.95) = 7. 


While Table 2 provides, for each n, 1 5 n S 100, the smallest number of exceedances x required 
for listing, it is important to calculate the probability of listing, P(X 2 x In, p), for each n and 
for various values of the true exceedance probability p. Table 3 gives the probabilities of listing 
for four sample sizes: n = 10, 20, 30, and 40 with p ranging from 0.01 to 0.50. These 
probabilities are plotted against the true exceedance probabilities in Chart 1, where the xaxis 



represents the true exceedance percentages (loop)% and the y-axis represents the probabilities of 
listing. Based on Chart 1, if the true exceedance probability of a pollutant at a particular water 
body is 0.1 (or less) and the proposed listing procedure is used, the chance of this water body 
reach being listed as impaired is (1) no more than 7% if only ten samples are collected, (2) no 
more than 13.3% if only 20 samples are collected, (3) no more than 7.3% if 30 samples are 
collected, and (4) no more than 9.95% if 40 samples are collected. If, on the other hand, the true 
exceedance probability of a pollutant at a water body is 0.25, then the chances of listing the 
water body as impaired with 10, 20, 30, and 40 samples are 47.4%, 77.5%, 79.7%, and 90.4%, 
respectively. It should be noted that, in the context of testing the null hypothesis H,: p S 0.1 

versus the alternative H " :  p > 0.1, the probability plots are actually the power curves for the 
four sample sizes. For each curve, i.e., for each sample size, the power of the test is an 
increasing function of the true exceedance probability, p. However, the four curves cross one 
another at some values of p. Thus, it is not necessaty true that the larger the sample size is, the 
higher the probability of listing will be. For example, when the true exceedance probability is 
0.1, the probability of listing is smaller for 30 samples with 6 exceedances than for 20 samples 
with 4 exceedances. The exact probabilities for both 20 and 30 samples when p = 0.1 can be 
found in Table 3. 



Chart 1. Exceedance: 10% to List 

With 95% Confidence Level 




4. Delisting Procedure. 

The problem of deciding by a statistical procedure whether or not to delist a body of water that 
has already been designated as "impaired" is not the same thing as deciding to list an impaired 
water. If the water body reach is no longer impaired, the regulator would want to be sure to 
delist it. On the other hand, if the water body reach is still impaired, the regulator would want to 
be sure to avoid delisting it. However, using a statistical procedure, no decision based on n 
sample measurements can be free from error; there will always be some chance of making a 
wrong decision. A sound statistical procedure is one that will minimize the chance of making a 
wrong decision. 

In this section, it is assumed that a water body reach has been listed as impaired due to 
exceedances of a water quality criterion for a particular pollutant such as fluoride. Suppose that 
"p < p,J" is chosen as the method for delisting a water body reach due to an exceedance of a water 
quality criterion, where po is a number between 0 and 1 to be determined by the regulatory 
agency. That is, an impaired water body, listed due to an exceedance, will be delisted whenever 
the true exceedance probability of the pollutant is less than po. The regulatory agency may 
consider using (1) po = 0.1 or (2) po = 0.15 or any other candidate value for delisting. A 
statistical procedure for delisting an impaired water body reach, due to an exceedance of a water 
quality criterion should provide the maximum number of exceedances, x,of t k  pollutant out of n 
sample measurements, allowed for the statistical conclusion 'ti < po" to be made with a high 
level of confidence. This can be achieved by the use of a hypothesis testing approach. The 
procedure is equivalent to rejecting the null hypothesis 

H,: p >po (i.e., the water body is impaired), (4.1) 

and accepting the alternative hypothesis 

H ,  :p <po (i.e., the water body is not impaired). (4.2) 

(Note that the null and alternative hypotheses for delisting are completely opposite to those of 
the listing procedure given in (3.6) and (3.7) for po = 0.1.) The most powerful test is to reject 
the null hypothesis, at the 100a% (e.g., 5%) significance level, whenever the nunlber of 
exceedances is less than or equal to x, where x satisfies the probability inequality: 

The number x obtained from (4.3) is the maximum number of exceedances, out of n sample 
measurements, allowed for delisting a water body reach with (1-a)100% confidence. In the 
following, both options ( I )  p < 0.1 and (2) p < 0.15 for delisting an impaired water body are 
considered. 

(1) Assume that the regulatory agency decides to use ') < 0.1" (i.e., pa = 0.1) as the delisting 
method. Then, for example, when n = 28, po = 0.1, and a = 0.05, the nlaxin~un~ number of 
exceedances is found to be x = 0. Equivalently, the Microsoft Excel function CRlTBINOM(28, 
0.1, 0.05) = 0, yielding the same result. For different sample sizes, and pa = 0.1, the maximum 



number of exceedances, x, which are allowed for the acceptance of the alternative hypothesis 
H a : p < 0.1 with approximately 95% confidence, are calculated using the Excel function and the 
results are given in Table 4. Based on the above calculation, when there is no exceedance among 
n = 28 measurements for a pollutant, we are 94.8% (or approximately 95%) confident that the 
true exceedance probability of the pollutant is below 0.1 and the water body will be removed 
from the impaired water list. Here, n = 28 is the smallest sample size that enables us to assess 
whether or not the true exceedance probability is below 0.1 with approximately (and closest to) 
95% confidence. It is noted that the same conclusion should be reached using a lower one-sided 
95% confidence interval approach. However, when inequality (3.3) is applied with n = 28, x = 0, 
and a = 0.05, the smallest p is found to be U = 0.1045 giving the lower one-sided 95% 
confidence interval as [O, 0.10451, i.e., p 5 0.1045. Notice that a minor discrepancy exists 
between the two results using the same data. This is because, under the hypothesis testing 
approach, 'p < 0.1" is used for delisting with 94.8% confidence, and, under the confidence 
interval approach, "p  < 0.1045" is used for delisting with 95% confidence. The exact 95% level 
of confidence cannot be accomplished if "p < 0.1" is to be used for delisting an impaired water. 
This is due to the fact that we are rounding off to the nearest whole number of exceedances. But 
for all practical purposes, both approaches provide the same conclusion with approximately 
95% confidence. 

For any sample size n less than or equal to 27, the level of confidence will be less than 95%. For 
example, when there is no exceedance among n = 10, 15, 20, and 25 sample measurements, the 
confidence levels are 65.13%, 79.41%, 87.84%, and 92.82%, respectively. Thus, n = 28 is the 
smallest sample size that is recommended for delisting with approxin~ately 95% confidence. 

Chart 2 plots the probabilities of delisting water body reaches with different true exceedance 
probabilities when 28 and 45 samples are collected. When the true exceedance probability of a 
pollutant at a particular water body is 0.01 (or less), the chances of delisting the water body reach 
based on 28 and 45 samples are 75.5% and 63.6%, respectively. When the true exceedance 
probability is 0.15, the delisting probabilities using the two sample sizes are 0.011 and 0.001, 
respectively. The delisting probabilities for 28 and 45 sample sizes for water body reaches with 
true exceedance probabilities between 0.01 and 0.25 are given in columns 2 and 3 of Table 5. 



Chart 2. Exceedance: 10% to Delist 

With 95% Confidence Level 




(2) Now, assume that the regulatory agency decides to use "p < 0.15" (i.e., the less-than-15%) 
method for delisting. Based on the calculation using (3.3), when there is no exceedance among 
18 measurements, we can claim that, with 95% confidence, the true exceedance probability is 
below 0.15. Here, n = 18 is the smallest sample size that enables us to assess whether the true 
exceedance probability is below 0.15, with approximately (and closest to) 95% confidence. 
Similarly, when the sample size n = 29 and with only one exceedance in the 29 measurements, 
we are approximately 95% confident that the true exceedance probability is below 0.15 and the 
water body will be removed from the impaired water list. For different sample sizes, the 
maximum numbers of exceedances, x, for which we are approximately 95% confident that the 
true exceedance probability is less than 0.15, are also given in Table 4. 

Assuming the less-tharrl5% method for delisting, Chart 3 plots the probabilities of delisting 
waterbody reaches with different true exceedance probabilities when 18 and 29 samples are 
collected. When t k  true exceedance probability of a pollutant at a particular water body is 0.01, 
the chances of delisting the water body reach for the 18 and 29 samples are 83.5% and 96.6%, 
respectively. When the true exceedance probability is 0.2, the delisting chances drop 
significantly to 1.8% and 1.3%, respectively. The delisting probabilities for 18 and 29 san~ples 
with true exceedance probabilities between 0.01 and 0.25 are given in colulnns 5 and 6 of Table 
5, respectively. 



Chart 3. Exceedance: 15% to Delist 

With 95% Confidence Level 




4. Conclusions and Discussion 

In this study, we propose a nonparametric procedure for identifying impaired water body 
reaches in Florida based on the binomial distribution theory. The confidence interval approach 
and hypothesis testing approach are recommended for assessing the exceedance probability of a 
particular pollutant over its criterion. The starting premise for the listing procedure is that the 
water body should be listed if its true exceedance probability p of a pollutant is over 0.1. The 
decision to list an impaired water will be based on the minimum number of exceedances, x ,  
found in n sample measurements. The minimum numbers required for listing are given in Table 
2. For the delisting procedure, we provide two options depending on the true exceedance 
probability p: (1) p < 0.1 or (2) p < 0.15. Table 4 provides the maximum numbers of 
exceedances allowed for the water body reach to be removed from the impaired water list with 
approximately 95% confidence for both p < 0.1 and p < 0.15 options. In addition to the listing 
and delisting methods given in Tables 2 and 4, a table of listing probabilities and a table of 
delisting probabilities are provided. Also, three charts are presented showing the listing and 
delisting probabilities for selected sample sizes with different true exceedance probabilities. 

In concluding this study, the issues on sample size, and on spatial and temporal coverage of 
samples are addressed below. 

Sample Size. Because of limited sources and limited resources, the currently available samples 
for the majority of Florida water body reaches are quite small. (See, e.g., Table 1.) Wben 
estimating the true exceedance probability of a pollutant or testing hypotheses about the true 
exceedance probability, small sample sizes are associated with large uncertainty. For the 
proposed listing procedure, we suggest that ten or more sample measurements (minimum 
sample size n = 10) be required for assessing whether or not a water body reach is impaired 
based on criterion exceedances. The proposed delisting procedure requires stronger evidence 
and more information from sample than the listing procedure, if the same level of confidence is 
required. In order to assess whether or not the exceedance percentage of a pollutant in a 
particular water body is less than 10% for delisting, with approximately 95% confidence, we 
recommend that 28 or more water samples be collected for analysis. 

The numbers of water samples required for the proposed listing and delisting procedures are 
different. Requiring "more samples" for delisting than for listing an impaired water at a 
comparable level of confidence seems somewhat puzzling to many readers, but it is strictly a 
matter of statistical theory. For example, suppose the agency decides that if p is shown to be 
greater than 0.1 then the water body will be listed as impaired. Assuming a null hypothesis of p 
= 0.1, the variance of each observation is 0.1 x 0.9 = 0.09. Now suppose the water body is listed 
as the result of a random sample. Then the agency will assume a null hypothesis of 0.2 for the 
purpose of testing for delisting. Now the variance of each observation is 0.2 x 0.8 = 0.16. Since 
the sample size necessary to create the same level ofconfidence for the estimationofp is roughly 
inversely proportional to the variance of an observation in the random sample, it will take more 
observations to provide the same standard of proof when p = 0.2 as when p = 0.1. 



Consequently, it is not possible to use the same sample size to list and delist an impaired water 
body reach at the same level of confidence using the 10%-exceedance method for both listing 
and delisting. However, the same sample size could be used for listing and delisting at the 
expense of a lesser confidence level for delisting. As already demonstrated, we may use n = 10 
samples for both listing and delisting. With three exceedances, the water body reach is listed as 
impaired with 92.98% confidence (from Table 2), while with no exceedance observed, out of the 
ten sample measurements, the water body is removed from the impaired water list with only 
65.13% confidence (from Table 4). However, any statistical conclusion that has a confidence 
level of less than 90% is considered not acceptable by most statistics practitioners. 

Spatial and Temporal Coverage of Samples. It is well-known that the concentration levels of 
many pollutants and metals depend on spatial location and season, and some physical o r  
chemical properties, such as dissolved oxygen, vary dramatically at different time periods during 
a day. Based on these observations, we recommend that the sample measurements of a water 
body reach be collected randomly and at reasonably spread locations across the water surface. 
They are to be collected with sufficient temporal separation to ensure independence. In this way, 
the samples will be independent and unbiased. The true water quality of the whole reach will 
likely be represented by the sample measurements. 

In this study, various statistical scenarios for listing and delisting an impaired water body are 
presented, These results should provide sufficient information and strong probabilistic evidence 
for the regulatory agency to render their decisions on the setting of clear guidelines for listing 
and delisting. 
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17 Table I: Sample sizes for six pollutants in Florida 

Organic Nitrogen Dissolved Oxygen 
No. of Samples No. of Reaches Percent No. of Samples No. of Reaches Percent 

1-10 400 47% 1-10 380 39% 

11-20 190 22% 11-20 188 19% 
21-30 76 9% 21-30 77 8% 
31-40 75 9% 31-40 103 10% 

41-50 27 3% 41-50 42 4% 
51-60 14 2% 51-60 25 3% 
61-80 15 2% 61-80 26 3% 
71-80 9 1% 71-80 21 2% 

81-90 12 1% 81-90 11 1% 
91-100 2 0% 91-100 11 1% 
>I00 29 --- 3% >I00 99 10% 

Grand Total 849 100% Grand Total 983 100% 

Total Nitrogen Total Phosphorus 
No. of Samples No. of Reaches Percent No. of Samples No. of Reaches Percent 

1-10 373 36% 1-10 37 1 36% 
11-20 194 19% 1 1-20 189 18% 
21-30 98 9% 21-30 100 10% 
31-40 110 11% 31-40 108 10% 
41-50 37 4% 41-50 36 3% 
51-60 24 2% 51-60 24 2% 
61-80 40 4% 61-80 42 4% 
71-80 28 3% 71-80 26 3% 
81-90 20 2% 81-90 19 2% 
91-100 18 2% 91-100 18 2% 
>I00 99 10% >I00 104 10% 

Grand Total 1041 100% Grand Total 1037 100% 

NH4 (Ammonia) NO3 (Nitrate) 
No. of Samples No. of Reaches Percent No. of Samples No. of Reaches Percent 

1-10 413 49% 4-10 388 37% 
11-20 197 23% 11-20 197 19% 
2 1-30 78 9% 21-30 72 7% 
31-40 58 7% 31-40 82 8% 
41-50 27 3% 41-50 24 2% 
51-60 10 1% 51-60 16 2% 
6 1-80 15 2% 61-80 16 2% 
71-80 9 1% 7 1-80 10 1% 
81-90 7 1% 81-90 10 1% 

91-100 4 0% 91-100 4 0% 
>I00 24 3% >I00 26 3% 

Grand Total 842 99% Grand Total 845 81% 



18 Table 2: To list a waterbody as impaired 
With about 95% confidence, the minimum number of exceedances where you are sure the 

percentage of exceedances is greater than 10% 



Table 3. Listing Probabilities 19 

Prob. 1 3 o f 1 0  4 of 20 6 of 30 
0.01 0.000 0.000 0.000 

(Using Greater-thawlo% Exceedance for Listing) 
Exceedance Listing Probabilities 

7 of40 
0.000 



20 Table 4: To delist a waterbody from impaired 
~~~ 

With 95% confidence, the maxlmum number of With 95% confidence, the maximum number of 
exceedances, x, where you are sure the exceedances, x, where you are sure the 

percentage of exceedances is less than 10% percentage of exceedances is less than 15% 
n x % Conf n x % Conf n x % Conf n x % Conf 
1 51 2 89.61 1 51 4 89.78 
2 52 2 90.44 2 52 4 90.69 
3 53 2 91.02 3 53 4 91.54 
4 54 2 91.66 4 54 4 92.31 
5 55 2 92.26 5 55 4 93.02 
6 56 2 92.81 6 56 4 93.67 
7 57 2 93.34 7 57 4 94.27 
8 58 2 93.82 8 58 4 94.81 
9 59 2 94.27 9 59 5 89.44 
10 0 65.13 60 2 94.7 10 0 80.31 60 5 90.32 
1 1  0 68.62 61 3 87.1 1 1  0 83.27 61 5 91.14 
12 0 71.76 62 3 87.9 12 0 85.78 62 5 91.89 
13 0 74.58 63 3 88.66 13 0 87.91 63 5 92.59 
14 0 77.12 64 3 89.47 14 0 89.72 64 5 93.24 
15 0 79.41 65 3 90.04 15 0 91.26 65 5 93.83 
16 0 81.47 66 3 90.68 16 0 92.57 66 5 94.38 
17 0 83.32 67 3 91.28 17 0 93.69 67 5 94.88 
18 0 84.99 68 3 91.84 18 0 94.64 68 6 90.1 
19 0 86.49 69 3 92.38 19 1 80.15 69 6 90.89 
20 0 87.84 70 3 92.88 20 1 82.44 70 6 91.62 
21 0 89.06 71 3 93.35 21 1 84.5 71 6 92.3 
22 0 90.15 72 3 93.79 22 1 86.33 72 6 92.93 

73 3 94.2 23 1 87.96 . 73 6 93.52 
24 0 92.02 74 3 94.59 24 1 89.41 74 6 94.06 
25 0 92.82 75 3 94.96 25 1 90.69 75 6 94.56 
26 0 93.54 76 4 88.79 26 1 91.83 76 6 95.03 
27 0 94.19 77 4 89.44 27 1 92.84 77 7 90.75 
28 0 94.77 78 4 90.06 28 1 93.73 78 7 91.45 
29 1 80.11 79 4 90.65 29 1 94.51 79 7 92.11 
30 1 81.63 80 4 91.1 30 2 84.86 80 7 92.73 
31 1 83.06 81 4 91.73 31 2 86.41 81 7 93.3 
32-. 1 

-- 
84.36 82 

~p 

4 92.23 32 2 87.82 82 7 93.83 
33 1 8558 83 4 92.7 33 2 89.1 ' 83 7 94.33 
34 1 86.71 84 4 93.15 34 2 90.25 84 7 94.79 
35 1 87.76 85 4 93.57 35 2 91.3 85 8 90.68 
36 1 88.74 86 4 93.97 36 2 92.24 86 8 91.36 
37 1 89.64 87 4 94.34 37 2 94.08 87 8 92 
38 1 90.47 88 4 94.7 38 2 94.85 88 8 92.6 
39 1 91.24 89 5 89.08 39 2 94.53 89 8 93.16 
40 1 91.95 90 5 89.68 40 3 86.98 90 8 93.68 
41 1 92.61 91 5 90.24 41 3 88.21 91 8 94.16 
42 1 93.22 92 5 90.78 42 3 89.33 92 8 94.62 
43 1 93.77 93 5 91.3 43 3 90.36 93 9 90.68 
44 1 94.29 94 5 91.79 44 3 91.29 94 9 91.33 
45 1 94.76 95 5 92.25 45 3 92.15 95 9 91.95 
46- 2 85.16 96 5 92.69 46 3 92.93 96 9 92.52 
47 2 86.17 97 5 93.11 47 3 93.64 97 9 93.07 
48 2 87.11 98 5 93.51 48 3 94.28 98 9 93.57 
49 2 88 99 5 93.88 49 3 94.87 99 9 94.05 

, 50 2 88.83 100 5 94.24 50 4 88.79 100 9 94.49 



Table 5. Delisting Probabilities 21 
1 1 I 

Less than 10% to delistI I I 

Exceedance Prob. I 0 of 28 (Delisting Prob.) 

I 

1 of 45 (Delisting Prob.) 
0.01 0.755 0.925 
0.02 0.568 0.773 

Exceedance Prob. 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.1 
0.11 
0.12 
0.13 
0.14 
0.15 
0.16 
0.17 
0.18 
0.19 
0.2 
0.21 
0.22 
0.23 
0.24 
0.25 

Less than 
0of 18 (Delisting Prob.) 

0.835 
0.695 
0.578 
0.480 
0.397 
0.328 
0.271 
0.223 
0.183 
0.150 
0.1 23 
0.100 
0.082 
0.066 
0.054 
0.043 
0.035 
0.028 
0.023 
0.018 
0.014 
0.011 
0.009 
0.007 
0.006 

15% to delisf 
1 of 29 (Delisting Prob.) 

0.966 
0.886 
0.784 
0.676 
0.571 
0.474 
0.388 
0.314 
0.251 
0.199 
0.156 
0.122 
0.094 
0.072 
0.055 
0.042 
0.031 
0.023 
0.017 
0.013 
0.009 
0.007 
0.005 
0.004 
0.003 




